The essential events of a successful pregnancy requires the implantation of a competent blastocyst into a receptive endometrium.^[@bib1]^ The uterine endometrium is only receptive to the blastocyst within a short period known as the 'window of implantation' (WOI). During this period, the endometrium undergoes characteristic morphological and molecular changes that allow embryo to adhere and invade, including an increasing pattern of microvilli of the epithelial cells and pinopode formation, as well as alterations in adhesive molecules and cytokines and so on.^[@bib2],\ [@bib3],\ [@bib4]^ Abnormalities in molecular structures and expression often hinder the development of uterine receptivity, which induce reproductive disorders, such as infertility, abortion and preeclampsia.^[@bib5],\ [@bib6],\ [@bib7]^ Despite advances in the understanding of reproductive processes, the mechanism of post-transcriptional regulation and implantation failure remains unclear in infertility and abortion.

MicroRNAs (miRNAs) are endogenous noncoding RNAs that function in the post-transcriptional regulation of gene expression by targeting specific mRNAs of the gene for degradation and translational repression. miRNAs have emerged as the major bioregulatory molecules of many physiological processes including reproduction.^[@bib8]^ For the fetus, specific miRNAs are highly expressed in human embryonic cells, which regulate blastocyst activation, embryo implantation and development.^[@bib9]^ For the mother, different kinds of miRNAs are expressed and secreted by the uterine endometrium during human menstrual cycle and embryo implantation that are associated with uterine receptivity formulation and stromal decidualization and so on.^[@bib10],\ [@bib11]^ Recently, miRNA expression profiles have been described in several pathological gynecological conditions including infertility, endometriosis and preeclampsia.^[@bib12],\ [@bib13],\ [@bib14]^ The miRNA-200 family (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) arises from two gene clusters. Previous studies demonstrated that the expression of miR-200 family members was low in the receptive uterus.^[@bib15]^ For example, the expression of miR-200a, miR-200b and miR-200c in mouse endometrial stromal cells was downregulated during implantation.^[@bib16]^ Similarly, miR-200a, miR-200c, miR-141 and miR-429 were decreased in human decidualization model *in vitro*.^[@bib17]^ However, very little information is available about the expression of miR-200 family members and their targets in infertility and abortion, especially the functions in uterine receptivity formation.

Protein glycosylation, a common post-translational modification, is involved in many physiological and pathological processes. The glycobiology of implantation shows that fucosylation of the uterine endometrium mediates recognition and adhesion at the fetal--maternal interface, thereby contributing to a successful pregnancy.^[@bib18],\ [@bib19]^ Fucosylated glycans carried by the glycoproteins are catalyzed by the specific fucosyltransferases (FUTs). FUT4 is an *α*-1,3 fucosyltransferase that adds the UDP-L-fucose to the scaffold glycoproteins to form *α*-1,3-linkage fucosylated glycans, such as Lewis Y (LeY, Fuc *α*1--2 Gal-*β*1--4\[Fuc *α*1-3\]GlcNAc*β*1), a difucosylated oligosaccharide. LeY and FUT4 on the uterine cells and tissues of different species change dynamically during preimplantation. LeY is significantly enriched on the surface of the uterine epithelium of human, monkey, rat and mouse during menstrual cycle and embryo implantation period.^[@bib20],\ [@bib21],\ [@bib22]^ Ponnampalam *et al.*^[@bib23]^ reported an increased expression of FUT4 in the secretory phase compared with that in the proliferative phase in human uterine endometrium. Our previous data showed that FUT4 expression was higher in receptive uterine epithelial cells.^[@bib24]^ Here, we further aimed to find specific miRNA that targeted FUT4, and explore the role of specific miRNA /FUT4 in uterine receptivity formation.

Glycoproteins on cell surface are closely associated with cellular functions, such as cell recognition, adhesion and signal transduction.^[@bib25]^ CD44 is a type I transmembrane glycoprotein.^[@bib26]^ It has been demonstrated that CD44 is expressed intensely in the endometrial epithelium and on stromal during the mid- and late secretory phases; whereas the expression is not detectable during the proliferative phase in human.^[@bib27],\ [@bib28]^ The diminished expression of CD44 in decidual cells caused spontaneous abortion, and the impaired development of early endometriotic lesions was found in CD44 knockout mice.^[@bib29]^ Therefore, CD44 may function at an early stage of the adhesive contact between the endometrium and blastocyst. Specifically, altered expression of FUTs can change the fucosylation modification of glycoproteins to further influence the cellular functions. It is reported that CD44 is abundant in *α*-fucosylation, especially *α*-1,2 and *α*-1,3-linkage, in breast cancer cells. The increased LeY antigen strengthens CD44-meditated cell adhesion.^[@bib30]^ However, the role of fucosylation of CD44 regulated by FUT4 during uterine receptivity formation remains unclear.

In the present study, we found that miR-200c in the serum of pregnant women was decreased compared with that healthy non-pregnancy women, and increased in the infertility and abortion patients. We demonstrated that FUT4 was the target of miR-200c, and miR-200c inhibited FUT4 and *α*-1,3-fucosylation biosynthesis, particularly on CD44, thus hampering uterine receptivity and embryo implantation *in vitro* and *in vivo*.

Results
=======

High miR-200 family members and low FUT4 levels in infertility and abortion patients
------------------------------------------------------------------------------------

We first performed real-time PCR, ELISA and western blot to determine the levels of the miR-200 family members (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) and FUT4 in the serum of the healthy control (non-pregnancy), infertility, early-pregnancy and abortion women. As shown in [Figure 1](#fig1){ref-type="fig"}, the levels of miR-200 family members was increased in the serum of infertility patients compared with the healthy non-pregnancy women. The levels of miR-200a and miR-200c were lower in early-pregnancy women than that in non-pregnancy control, whereas the levels of the miR-200 family members were higher in abortion patients than that in early-pregnancy women ([Figure 1a](#fig1){ref-type="fig"}). We further evaluated the diagnostic value of miR-200 family members by receiver operating characteristic curve (ROC) analysis, and determined miR-200c (area under the curve: 0.913) as the best decisive threshold among miR-200 family members ([Figure 1b](#fig1){ref-type="fig"}).

Based on the previous study in that FUT4 was highly expressed in the receptive uterus, we detected FUT4 expression among non-pregnancy, infertility, early-pregnancy and abortion women to analyze the variations in the human endometrium during different functional states ([Figures 1c--e](#fig1){ref-type="fig"}). The real-time PCR, ELISA and western blot analysis showed that FUT4 level was decreased in infertility patients, whereas increased in early-pregnancy women compared with the non-pregnancy control. The results also showed that FUT4 level was lower in abortion patients than that in early-pregnancy women. The above data implies the potential involvement of FUT4 in uterine receptivity formation. It is worthy noticing that there is a negative correlation between miR-200c and FUT4 expression levels (*r*=−0.9834) in the serum of patients with infertility ([Figure 1f](#fig1){ref-type="fig"}).

miR-200c inhibits proliferation and receptive ability of uterine epithelial cells *in vitro*
--------------------------------------------------------------------------------------------

Having observed the differential expression of miR-200 family members in human serum, and determined that miR-200c was the most sensitive and specific marker for infertility, we went on to functionally characterize miR-200c by focusing on its effect on proliferation and the receptive ability of the uterine epithelial cells. The results indicated that the level of miR-200c was increased after cells were transfected with miR-200c mimics, whereas decreased after Anti-miR-200c transfection in RL95-2 and Ishikawa cells by real-time PCR ([Figures 2a and f](#fig2){ref-type="fig"}).

CCK-8 ([Figures 2b and g](#fig2){ref-type="fig"}) and colony formation assay ([Figures 2c and h](#fig2){ref-type="fig"}) were performed to assess the effect of miR-200c on cell proliferation. RL95-2 and Ishikawa cells transfected with miR-200c mimic showed lower proliferative rate and fewer number of colonies than the control cells. In contrast, RL95-2 and Ishikawa cells transfected with Anti-miR-200c exhibited higher proliferative rate and a greater number of colonies than that control cells.

We next investigated the potential role of miR-200c in modulating the receptivity formation of uterine epithelial cells. As shown in [Figures 2d and i](#fig2){ref-type="fig"}, an obvious morphological alteration in the ultrastructure of RL95-2 and Ishikawa cells was observed by scanning electron microscopy (SEM). Cells with higher miR-200c level displayed fewer microvilli on the cell surface, which is a marker of uterine receptivity. The embryo adhesion model *in vitro* also showed that RL95-2 and Ishikawa cells transfected with miR-200c mimics exhibited significantly reduced rates of adhesion to embryonic cells compared to the control cells, whereas increased adhesion rates in Anti-miR-200c transfection cells relative to the control cells ([Figures 2e and j](#fig2){ref-type="fig"}).

FUT4 is a novel target of miR-200c
----------------------------------

To uncover the mechanism by which miR-200c affected cell proliferation and receptivity establishment in uterine epithelial cells, we made an attempt to identify potential target genes of miR-200c. Because our previous study showed that highly receptive uterine epithelial cells expressed a higher level of FUT4 than lower receptive cells, as well as the negative correlation between miR-200c and FUT4, we then explored whether FUT4 was a new target of miR-200c. Over 10 databases, including TargetScan, PicTar and miRanda were searched for potential genes under the control of miR-200c. Among the target genes, FUT4 was a potential target of miR-200c with high matched base sequence between the 3'-UTR of FUT4 and miR-200c ([Figure 3a](#fig3){ref-type="fig"}). To further verify whether miR-200c would bind directly to the 3'-UTR of FUT4, the wild-type (WT) 3'-UTR or mutant-type (MUT) 3'-UTR target sequences were cloned into the luciferase reporter vector (pGL3), and transfected into cells with a reference vector. The results showed that the luciferase activity of FUT4 was significantly decreased after co-transfection of the WT luciferase reporter construct and miR-200c mimics, whereas little changes were observed in enzymetic activity when co-transfection of MUT luciferase reporter construct and miR-200c mimics in the kinds of uterine epithelial cells ([Figures 3b and h](#fig3){ref-type="fig"}). To evaluate the regulatory role played by miR-200c on FUT4 gene and protein expression, real-time PCR ([Figures 3c and i](#fig3){ref-type="fig"}) and western blot ([Figures 3d--f and j--l](#fig3){ref-type="fig"}) were performed. The data showed that miR-200c mimics transfection significantly downregulated FUT4 expression, whereas Anti-miR-200c transfection induced upregulation of FUT4 expression. These results were confirmed by co-transfection of miR-200c mimics and FUT4 cDNA ([Figures 3e and k](#fig3){ref-type="fig"}), as well as co-transfection of Anti-miR-200c and FUT4 siRNA ([Figures 3f and l](#fig3){ref-type="fig"}). Immunofluorescent staining of FUT4 showed similar alterations ([Figures 3g and m](#fig3){ref-type="fig"}). The data indicates that miR-200c negatively regulates FUT4 expression by directly targeting its 3'-UTR of mRNA.

miR-200c suppresses *α*1,3-fucosylation on CD44 and inactivates Wnt/*β*-catenin signaling pathway, further inhibits proliferation and adhesion
----------------------------------------------------------------------------------------------------------------------------------------------

Because FUT4 is mainly responsible for adding fucose residue to the specific glycoproteins through the *α*1,3-linkage, and CD44 is a fucosylated glycoprotein that is highly expressed in the endometrial epithelium at the WOI, we explored whether miR-200c could regulate *α*1,3-fucosylation on CD44 by specifically targeting FUT4. We utilized Lotus tetragonolobus lectin (LTL) to detect the *α*1,3-fucosylated glycans of glycoproteins by lectin blot. The data showed that miR-200c mimics inhibited, whereas Anti-miR-200c promoted the biosynthesis of *α*1,3-fucosylated glycans on CD44 both in RL95-2 and Ishikawa cells. LeY is a difucosylated oligosaccharide that contains an *α*1,3-linkage fucose. The results also showed that miR-200c mimics decreased LeY biosynthesis; oppositely Anti-miR-200c increased LeY biosynthesis ([Figures 4a and e](#fig4){ref-type="fig"}). We further detected the alterations of CD44 fucosylation. [Figures 4b and f](#fig4){ref-type="fig"} showed that downregulation of FUT4 by miR-200c mimics transfection inhibited *α*1,3-fucosylation on CD44, whereas upregulation of FUT4 by Anti-miR-200c enhanced *α*1,3-fucosylation, especially LeY biosynthesis on CD44. These results demonstrate the regulatory role of miR-200c on the biosynthesis of *α*1,3- fucosylation on CD44 ([Figures 4b and f](#fig4){ref-type="fig"}).

To clarify the signaling cascade underlying miR-200c and *α*1,3-fucosylation on CD44, the activation of Wnt/*β*-catenin signaling pathway was detected. As shown in [Figures 4c and g](#fig4){ref-type="fig"}, anti-CD44 antibody blocking inactivated Wnt/*β*-catenin signaling pathway, and LTL or anti-LeY antibody blocking strengthened the inactivation effect of CD44 on the Wnt/*β*-catenin signaling pathway. Furthermore, p-GSK3*β* and *β*-catenin were also decreased after cells were transfected with miR-200c mimics, but partly recovered when co-transfected with miR-200c mimics and FUT4 cDNA. Moreover, Anti-miR-200c promoted the activation of p-GSK3*β* and *β*-catenin, but the reduced expression of p-GSK3*β* and *β*-catenin were observed when co-transfection with Anti-miR-200c and FUT4 siRNA in RL95-2 cells. Meantime, DKK, inhibitor of Wnt/*β*-catenin signaling pathway, inactivated Wnt/*β*-catenin signaling pathway ([Figure 4d](#fig4){ref-type="fig"}). Similar observations were achieved in Ishikawa cells ([Figure 4h](#fig4){ref-type="fig"}). The results indicate that the *α*1,3-fucosylation of glycoproteins, especially on CD44, can be suppressed by miR-200c mimics, and subsequently inactivate the downstream Wnt/*β*-catenin signaling pathway.

We then determined whether the alteration in *α*1,3-fucosylation by miR-200c and FUT4 was essential for uterine functions. The results showed that inactivated Wnt/*β*-catenin signaling diminished the proliferation potential of endometrial epithelial cells by CCK-8 and colony formation assays, as well as adhesion percent between embryonic cells and endometrial cells by adhesion model *in vitro*. In contrast, activated Wnt/*β*-catenin signaling by Anti-miR-200c increased cell proliferation ability and promoted embryonic cells adhered to endometrial RL95-2 and Ishikawa cells ([Figure 5](#fig5){ref-type="fig"}).

miR-200c inhibits uterine receptivity and embryo implantation *in vivo*
-----------------------------------------------------------------------

Having shown that miR-200c hampered proliferation and inhibited receptivity of uterine epithelial cells by targeting FUT4, we further investigated whether miR-200c inhibited uterine receptivity formation and subsequent embryo implantation *in vivo*. A mouse model was used to observe the role of miR-200c on uterine receptivity acquisition and embryo implantation. Injection of miR-200c mimics or normal saline into the mouse uterus was performed on day 3 of pregnancy, and the uterine receptivity was evaluated on day 4. As shown in [Figure 6a](#fig6){ref-type="fig"}, miR-200c significantly decreased embryo implantation rate in mouse. The decreased level of miR-200c was detected in the uterine endometrium of mouse on day 4 of pregnancy compared with non-pregnancy mouse by real-time PCR, while miR-200c mimics injection increased miR-200c expression ([Figure 6b](#fig6){ref-type="fig"}). Meanwhile, FUT4 was significantly increased in the uterus of pregnant mouse, and the enhancing effect could be blocked by miR-200c mimics ([Figures 6c and e](#fig6){ref-type="fig"}). To further observe the expression and location of miR-200c in the uterine endometrium, fluorescence *in situ* hybridization (FISH) was conducted. As indicated in [Figure 6g](#fig6){ref-type="fig"}, weaker expression of miR-200c was observed in uterine endometrium of day 4 pregnant mouse, whereas stronger expression after miR-200c mimics injection.

To address the fact that miR-200c impaired uterine receptivity, the ultrastructure changes of uterine endometrium were also observed by SEM. The results revealed fewer microvilli and pinopode on the mouse uterus after miR-200c mimics injection than the control, implying the negative regulation of miR-200c on uterine receptivity formation ([Figure 6d](#fig6){ref-type="fig"}). PCNA, which is a proliferation marker, was increased in the uterus of pregnant mouse compared with in non-pregnancy mouse, whereas decreased in pregnancy mouse injected with miR-200c groups by western blot ([Figure 6e](#fig6){ref-type="fig"}) and immunohistochemistry ([Figure 6j](#fig6){ref-type="fig"}).

To confirm that the uterine receptivity was correlated with miR-200c and *α*1,3-fucosylation, we assessed the biosynthesis of *α*1,3-fucosylated glycans and Wnt/*β*-catenin signaling pathway activation in non-pregnancy, pregnancy and pregnancy injected with miR-200c mimics groups. The results showed that *α*1,3-fucosylation (LTL) and LeY epitope were mainly expressed on the uterine luminal and glandular epithelium, and reached a high level on day 4 of pregnancy, which was the WOI in mouse. However, miR-200c mimics significantly inhibited *α*1,3-fucosylation and LeY biosynthesis ([Figures 6h and i](#fig6){ref-type="fig"}), and the lectin blot results also showed the similar changes ([Figure 6f](#fig6){ref-type="fig"}). Meanwhile, Wnt/*β*-catenin signaling pathway was activated in the pregnant uterus, whereas inactivated in the pregnant uterus injected with miR-200c by western blot and immunohistochemistry ([Figures 6e and j](#fig6){ref-type="fig"}).

Discussion
==========

The establishment of uterine receptivity is a hallmark event for successful implantation of the embryo. Poor uterine receptivity correlates with infertility and abortion.^[@bib31]^ In the present study, using clinical serum samples, cells, and mouse model, we demonstrated that the levels of the miR-200 family members, especially miR-200c, were significantly increased in the serum of the infertility patients compared with healthy non-pregnancy women. Meantime, the higher level of miR-200c in the abortion patients' serum was detected than normal pregnancy women. We also provided evidence that miR-200c inhibited uterine receptivity establishment by targeting FUT4, which inhibited the biosynthesis of *α*-1,3-fucosylation on glycoprotein CD44, and further inactivated Wnt/*β*-catenin signaling pathway.

miRNAs have been found to be associated with the different functional states of uterine endometrium. Kresowik *et al.*^[@bib32]^ revealed that 3 miRNAs (miR-30b, miR-30d and miR-31) were significantly elevated in the endometrial tissues of the secretory phase *versus* the proliferative phase. Estella *et al.*^[@bib17]^ reported that a total of 26 miRNAs were upregulated, and 17 miRNAs were downregulated during human endometrial stromal decidualization *in vitro*, especially the downregulated miR-200 families. Ariel Revel *et al.*^[@bib33]^ found that 10 miRNAs were high expression and 3 miRNAs low expression in the secretory endometrial tissues of patients who experienced repeated implantation failures compared with fertile women. It was also reported that miR-145 suppressed embryo-epithelial juxtacrine communication at implantation by targeting IGF1R in endometrial Ishikawa cells.^[@bib34]^ In current study, we found that miR-200c level were lower in the human endometrial tissues of secretory phase than that in proliferative phase by FISH ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We also identified the lower level of miR-200c in mouse uteus of pregnant than non-pregnant mouse by FISH and real-time PCR. Furthermore, the serology analysis showed that the levels of miR-200 family members was remarkably increased in the serum of infertility patients compared with healthy women, and the levels was also higher in abortion patients than in normal pregnancy women. The sensitivity and specific analysis by ROC curve data suggests that miR-200c is a sensitive serum biomarker for evaluating endometrial receptivity. The *in vitro* cell experiments confirmed that the miR-200c mimics inhibited the receptive potential of epithelial cells. Therefore, miR-200c may be used as a potential new serum biomarker for infertility diagnosis and evaluation of endometrial receptivity.

The dynamic changes of the specific fucosyltransferases are closely correlated with the endometrial functions. The accumulated evidence shows that variations in the fucosyltransferase gene expression level play an important role in determining the implantation of the fetal--maternal interface.^[@bib35]^ Overexpression of FUT7 in the uterus promoted embryo implantation in mouse.^[@bib36]^ Ponnampalam *et al* revealed that FUT4 was significantly upregulated in the early- and mid-secretory phases of the menstrual cycle.^[@bib23]^ Our previous results also demonstrated that cells with higher receptivity expressed an elevated level of FUT4, and overexpression of FUT4 in endometrial RL95-2 cells promoted embryonic cell adhesion.^[@bib24]^ The findings suggest that FUT4 is essential for establishing epithelial receptivity. Here, we further detected the serum level of FUT4 in different functional states, and found that FUT4 was decreased in infertility and abortion patients serum compared with healthy and pregnancy women. miRNAs alter target gene expression at the post-transcriptional level. Here, we verified that FUT4 regulated by miR-200c, could control the establishment of endometrium receptivity. In the present study, FUT4 was first predicted to be a direct target of miR-200c by a bioinformatics analysis, and was then confirmed by dual-luciferase reporter assays, real-time PCR and western blot. Our findings also demonstrated that the miRNA-200c mimic inhibited epithelial proliferation and receptivity by targeting FUT4. The above data manifestes that regulation of the specific fucosyltransferase by miRNA influences uterine receptive function.

Alterations in the fucosylation of glycoproteins greatly affect the cellular functions, including reproduction, immune and cancer metastasis and so on.^[@bib37]^ Increased levels of fucosylation have been reported in a number of cancers.^[@bib38]^ The elevated core fucosylation by FUT8 promoted epithelial--mesenchymal transition in non-small cell lung cancer cells.^[@bib39]^ Here, we first identified the *α*-1,3-fucosylation regulated by FUT4 changed the receptive potential of uterine endometrial cells to embryonic cells both in *in vitro* and *in vivo*. Our results showed that regulation of FUT4 expression by miR-200c mimics or Anti-miR-200c significantly decreased or increased the *α*-1,3-fucosylation, respectively. Furthermore, for the first time, we reported that CD44, a receptive marker of endometrium, contains *α*-1,3-fucosylation which directly influenced CD44 mediated endometrial receptive state. The fucosylated glycans of the glycoproteins on the uterine endometrium surface can recognize the corresponding ligands on the embryo through molecular recognition mediated by carbohydrate-carbohydrate interaction in embryo implantation.^[@bib40],\ [@bib41]^ In this study, we found that CD44 contained LeY epitope in uterine epithelium, and the discovery of the specific binding ligands with CD44/LeY on embryo needs further study. CD44 exerts its functions by activating Wnt signaling pathway.^[@bib42]^ Studies also manifested that Wnt/*β*-catenin signaling pathway was involved in embryo implantation, stromal proliferation, deciduation and gland maintenance.^[@bib43],\ [@bib44]^ Monhamed *et al.*^[@bib45]^ reported that Wnt/*β*-catenin signaling was first transiently activated in the uterine luminal epithelium at the prospective site of implantation in mouse. Here, we found that decreased LeY by miR-200c mimics transfection or LeY antibody blocking on CD44 inactivated Wnt/*β*-catenin signaling pathway. The findings suggest that a tightly regulated miR-200c/FUT4/*α*-1,3-fucosylation(LeY)/CD44/Wnt/*β*-catenin signaling cascade is essential for uterine receptivity.

In summary, we revealed that the miR-200 family members were increased in the serum of infertility patients compared with the non-pregnancy healthy women. Meantime, higher levels of miR-200 in the serum of abortion patients than normal early-pregnancy women. Moreover, we provided novel evidence showing that miR-200c inhibited *α*-1,3-fucosylation and LeY carried on CD44 by targeting FUT4, which further inactivated Wnt/*β*-catenin signaling pathway and caused receptive uterine endometrium formation failure. miR-200c and FUT4 may serve as the new biomarkers for the clinical diagnosis and strategy for infertility treatment.

Materials and methods
=====================

Serum samples
-------------

Serum samples of healthy, infertility, early pregnancy or abortion women at the age of 25--35 were collected from The First Affiliated Hospital of Dalian Medical University (Dalian, China) between 2015 and 2016. The healthy controls (20 cases) were with regular menstrual cycle who were excluded from other gynecological abnormalities. Infertility patients (20 cases) were defined by the failure to achieve a clinical pregnancy after 12 months, and excluded from pathological salpingemphraxis. The pregnant women (20 cases) were confirmed by ultrasound detection at 6--10 gestational weeks. The abortion samples (20 cases) were from the first trimester (7--9 weeks) who underwent induced abortion. The samples were used to detect miR-200c and FUT4 levels. This study was approved by the Clinical Ethics Review Board of Dalian Medical University.

Cell culture
------------

The human endometrial cell lines (RL95-2 and Ishikawa), and human embryonic JAR cell line were purchased from the American Type Culture Collection (Manassas, VA, USA). RL95-2 cells were maintained in DMEM/F12 (Invitrogen, Grand Island, NY, USA) supplemented with 10% FBS, 0.005 mg/ml insulin (Sigma-Aldrich), 100 U/ml penicillin and 100 *μ*g/ml streptomycin. Ishikawa and JAR cells were cultured in DMEM/F12 supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were maintained at 37 °C under 5% CO~2~ in humidified incubator. The growth medium was changed every 2--3 days.

Transfection
------------

miR-200c mimics (5′-UAAUACUGCCGGGUAAUGAUGGA-3′), Anti-miR-200c (5′-UCCAUCAUUACCCGGCAGUAUUA-3′) and FUT4 siRNA (5′-ACUCGAAGUUCAUCCAAACTT-3′) were purchased from Genepharma (Shanghai, China). Cells were seeded into six-well plates prior to transfection. miR-200c mimics, Anti-miR-200c and FUT4 siRNA were transfected into cells when they reached 70% confluence with lipofectamine 2000 reagent (Invitrogen) in accordance with the manufacturer's instructions. The miR-200c mimics and Anti-miR-200c were used at a final concentration of 100 nM and FUT4 siRNA 50 nM, respectively. After transfection for 48 h, RNA and protein samples were collected and real-time PCR, western blot were performed.

ELISA
-----

ELISA kit (R&D systems, Minneapolis, MN, USA) was used to detect the level of FUT4 in serum following the manufacturer's instructions. The absorbance at 450 nm was measured with a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) and the data were recorded. Three samples from each group were detected.

RNA isolation and real-time PCR
-------------------------------

Total RNA from cells and tissues were extracted with Trizol reagent (Invitrogen). A PrimeScript RT Reagent Kit (TaKaRa, Dalian, China) was used for reverse transcription. Real-time PCR was performed with SYBR Premix Ex Taq II Kit (TaKaRa) and detected on ABI Prism 7500 Detection system (Applied Biosystem, Foster City, CA, USA). GAPDH and U6 was used as loading controls. Primers of miR-200c and U6 were obtained from Genepharma, and primers of FUT4 and GAPDH were from TaKaRa. Primer sequences were as followings: FUT4 (forward) 5′-AAGGTCCAGGCCCACTGAAG-3′, (reverse) 5′-CAGTTCAGGTGACAGAGGCTCAA-3′ GAPDH (forward) 5′-ATGGGGAAGGTGAAGGTCG-3′, (reverse) 5′-GGGGTCATTGATGGCAACAATA-3′. miR-200c (forward) 5′-GATCGTCATAATACTGCCG-3′, (reverse) 5′-AGAGCAGGGTCCGAGGTA-3′ U6 (forward): 5′-ATTGGAACGATACAGAGAAGATT-3′, (reverse): 5′-GGAACGCTTCACGAATTTG-3′. Each experiment was repeated at least three times.

Western blot
------------

Cells were lysed in RIPA lysis buffer containing protease inhibitor cocktail (Roche, Basel, Switzerland). The protein concentration was determined with a BCA kit (Pierce, Rockford, IL, USA). Equal protein was separated with 12% SDS-PAGE gel and electrotransferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). After blocking in 5% non-fat milk for 2 h, the membranes were incubated with primary antibodies: FUT4 (1:1000, Proteintech, Wuhan, China), CD44 (1:1000, Abcam, Cambridge, UK), LTL (1:2000, Vector, California, USA), LeY (1:500, Abcam), p-GSK3*β* (1:500, Affinity Biosciences, Cincinnati, OH, USA), GSK3*β* (1:500, Affinity Biosciences), *β*-catenin (1:500, Affinity Biosciences), PCNA (1:100, Proteintech) and GAPDH (1:5000, Proteintech) at 4 °C overnight. After washing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:3000) for 45 min at room temperature. The signals were visualized with ECL detection system. The relative protein level was quantified by densitometry and normalized to GAPDH level using Image J software (NIH, Bethesda, MD, USA).

Cell proliferation assay
------------------------

Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) was used to assess the proliferation ability of RL95-2 and Ishikawa cells. Cells were plated into 96-well plates at a density of 3 × 10^3^ cells per well and transfected with miR-200c mimics (50 nM), Anti-miR-200c (100 nM), FUT4 siRNA (50 nM) or FUT4 cDNA (4 *μ*g/ml), respectively. CCK-8 solution was added to the medium and incubated at 37 °C for 2 h. Absorbance at 450 nm was measured using a microplate reader. The experiment was conducted in triplicate.

Colony formation assay
----------------------

Cells were seeded into six-well plates with a density of 1 × 10^3^ cells per well. The culture medium was subsequently changed every 2--3 days. miR-200c mimics, Anti-miR-200c, FUT4 siRNA or FUT4 cDNA were transfected into cells, respectively, with lipofectamine 2000 regent according to the protocols. After 2 weeks, the surviving colonies were fixed with methanol and stained with crystal violet. Images were captured under inverted microscope (Olympus, Tokyo, Japan). The colonies that contained \>50 cells were counted. Data were recorded and statistically analyzed.

Cell adhesion assay
-------------------

RL95-2 and Ishikawa cells were plated into 96-well plates to form a confluent monolayer. JAR cells (1 × 10^4^) were first stained with Cell Tracker Green (CMFDA, Life Technologies, Carlsbad, CA, USA) for 1 h. After staining, cells were harvested and suspended in 100 *μ*l of culture medium without FBS, and gently seeded onto the endometrial cell monolayer. After adhesion for 1 h at 37 °C, unattached JAR cells were removed with PBS washing, and an equal amount of unstained JAR cells were added into 3 blank wells. Adhesion rate was calculated as the percentage of attached JAR cells (e/b) after detection by multimode plate reader (PerkinElmer, Waltham, MA, USA). e: average fluorescence intensity value in each experiment group; b, average fluorescence intensity value in the blank wells. The images were taken with a fluorescence microscope (Olympus), and the representative images were shown.

Dual-luciferase gene reporter assay
-----------------------------------

The human 3'-UTR of FUT4 gene was cloned into pGL3 vector (GenePharma, Shanghai, China), and a mutant plasmid was constructed with site-directed mutagenesis. For luciferase assay, RL95-2 and Ishikawa cells were plated into 24-well plates, and co-transfected with 100 ng of pGL3-FUT4 and 50 nM of miR-200c mimics with lipofectamine 2000. After transfection for 24 h, firefly luciferase activity and renilla luciferase activity was measured using the dual-luciferase reporter assay system (Promega, Madison, WI, USA).

Immunofluorescent assay
-----------------------

For immunofluorescent analysis, cells grown on the coverslips were fixed with 4% paraformaldehyde for 20 min followed by 3% BSA (Beyotime, Shanghai, China) blocking for 1 h at room temperature. Cells were incubated with anti-FUT4 antibody (1:100) at 4 °C overnight. After washing with PBS for three times, the second antibody conjugated with TRITC (1:100, ZSGB-BIO, Beijing, China) was used for 1 h. The nucleus was counterstained with DAPI (1:1000, Beyotime) for 3 min and mounted in anti-fade solution (Beyotime) after washing. The images were captured with a fluorescent microscope, and the representative images were shown.

Immunohistochemistry
--------------------

Uterine tissue sections slide (4 *μ*m) were incubated with xylol for deparafinized, and rehydrated in descending concentrations of ethanol following with antigen retrieval in citrate buffer (pH 6.0). 0.3% H~2~O~2~ was used to remove endogenous peroxidases by incubation for 10 min and blocking with 5% BSA for 45 min at room temperature. Primary antibodies: FUT4 (1:100), LTL (1:100), LeY (1:50), p-GSK3*β* (1:50), *β*-catenin (1:50) and PCNA (1:100) were applied at 4 °C overnight in a wet chamber. After washing with PBS, slides were incubated with second antibody for 45 min and visualized with diaminobenzide. The slides were counterstained with hematoxylin, and the evaluation was performed. Images were captured under an inverted microscope.

Immunoprecipitation
-------------------

Immunoprecipitation was conducted with protein A/G agarose beads (Thermo Fisher Scientific) according to the manufacturer's instructions. Cells after transfection were lysed and incubated in immunoprecipitation lysis buffer (Beyotime) for 10 min at room temperature. The extracts were incubated with anti-CD44-antibody (2 *μ*g/ml, Abcam) at 4 °C overnight, and the immunoprecipitates were purified by protein A/G agarose beads with gentle rocking. The beads were washed for three times with extraction buffer and resuspended in 20 *μ*l SDS loading buffer. The whole cell lysates and immunoprecipitates were incubated at 70 °C for 10 min followed with western blot analysis.

Scanning electron microscope
----------------------------

Cells and tissues were fixed in 4% paraformaldehyde and postfixed in 2% osmium tetroxide. After washing, samples were dehydrated by a series of incubations in ethanol. Dehydration was continued by incubation in 95% ethanol, absolute ethanol and acetone. Surfaces of the cells and tissues were coated with gold and scanned with a SEM (S-3700 N, Hitachi, Tokyo, Japan).

Animal experiments
------------------

Kunming mice (6--8 weeks) were obtained from Animal Center of Dalian Medical University (Dalian, China). The procedures involved in the mouse studies were approved by the Institutional Review Board of Dalian Medical University. The mouse was maintained in controlled conditions (22--25 °C, 60% humidity, 14 L:10D). Pregnant mouse was obtained by housing one female and one male mouse. The day found the vaginal plug was defined as gestation day 1. On day 3 of pregnancy at 09:00, mouse was anesthetized and 10 *μ*l solution containing 1 *μ*g miR-200c mimics was injected into the right uterus horn while the left with normal saline. RNA and protein samples of mouse endometrium on day 4 and day 9 were collected. The number of implanted embryos was counted and analyzed statistically.

Fluorescence *in situ* hybridization
------------------------------------

An *in situ* analysis was used to detect miR-200c level in the human endometrium of proliferative and secretary phases, and mouse endometrium in non-pregnancy, pregnancy and pregnancy injected with miR-200c mimics groups. The tissues were fixed with 4% paraformaldehyde overnight and embedded in paraffin for sections (4 *μ*m). The sections were deparaffinized following with proteinase K incubation (20 *μ*g/ml) at 37 °C for 20 min. After washing, the sections were dehydrated and hybridized with biotin-labeled miR-200c probe (5′-TCCATCATTACCCGGCAGTATTA-3′, GenePharma) and the scrambled control probe (5′-TTGTACTACACAAAAGTACTG-3′, GenePharma) at 50 nM at 37 °C for 18 h. Then, the slides were incubated with FITC-conjugated secondary antibody (1:100, BOSTER, Wuhan, China) at 37 °C for 1 h. The signals of miR-200c were detected under a fluorescent microscope, and representative images were shown.

Statistical analysis
--------------------

The results were expressed as mean±S.E.M. Difference between groups was estimated with the Student's *t*-test. The Spearman correlation analysis was used to analyze the relationship between miR-200c and FUT4 in the serum. The receiver operating characteristic curve was applied to evaluate the diagnostic value of the miR-200 family members. The statistical significance was indicated as the follows: \**P*\<0.05, ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001.
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![High miR-200 family and low FUT4 levels in infertility and abortion patients. (**a**) Serum levels of miR-200 family members in healthy control (Non-pregnancy), infertility, early pregnancy and abortion detected by real-time PCR. (**b**) ROC curve analysis of the diagnostic value of miR-200 family members for infertility. (**c--e**) Detection of FUT4 expression by real-time PCR (**c**), ELISA (**d**) and western blot (**e**). (**f**) Correlation analysis between miR-200c and FUT4 expression in serum of healthy control and infertility patients. ROC: receiver operating characteristic. CBB: coomassie brilliant blue. The statistical analysis was shown. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001](cdd2017136f1){#fig1}

![miR-200c inhibits proliferation and receptive ability of uterine epithelial cells *in vitro*. (**a, f**) Real-time PCR analysis for miR-200c expression in RL95-2 (**a**) and Ishikawa (**f**) cells after miR-200c mimics and Anti-miR-200c transfection. (**b, c, g, h**) CCK-8 (**b**, **g**) and colony formation assay (**c**, **h**) were used to evaluate cell proliferation capabilities of RL95-2 and Ishikawa cells. (**d, i**) Representative pictures of scanning electron microscopy (SEM) in RL95-2 (**d**) and Ishikawa (**i**) cells after miR-200c mimics transfection. (**e, j**) Adhesion percent of embryonic cells (JAR) to RL95-2 (**e**) and Ishikawa (**j**) cells. The statistical analysis was shown. \**P*\<0.05, ^\*\*^*P\<*0.01, ^\*\*\*^*P\<*0.001](cdd2017136f2){#fig2}

![FUT4 is a novel target of miR-200c. (**a**) Schematic representing reporter constructs of WT-FUT4 3'-UTR (upper panel), MUT-FUT4 3'-UTR with a mutated miR-200c binding site (lower panel) and miR-200c sequence (middle panel). (**b, h**) target of miR-200c was identified by dual-luciferase gene reporter assay in both RL95-2 (**b**) and Ishikawa (**h**) cells. WT: wild-type FUT4 3'-UTR transfection; MUT: mutant-type FUT4 3'-UTR transfection. (**c, d, i, j**) Real-time PCR (**c**, **i**) and western blot analysis (**d**, **j**) of FUT4 level after miR-200c mimics and Anti-miR-200c transfection in uterine epithelial cells. The statistical analysis was shown. (**e, k**) Western blot analysis of FUT4 level in RL95-2 (**e**) and Ishikawa (**k**) cells transfected with miR-200c mimics or co-transfected with miR-200c mimics and FUT4 cDNA, respectively. The statistical analysis was shown. (**f, l**) Western blot analysis of FUT4 level in RL95-2 (**f**) and Ishikawa (**l**) cells transfected with Anti-miR-200c or co-transfected with Anti-miR-200c and FUT4 siRNA, respectively. The statistical analysis was shown. (**g, m**) Immunofluorescent staining of FUT4 after miR-200c mimics and Anti-miR-200c transfection in uterine epithelial cells. Scale bars, 20 *μ*m. \**P\<*0.05, ^\*\*^*P\<*0.01, ^\*\*\*^*P\<*0.001](cdd2017136f3){#fig3}

![miR-200c decreases *α*1,3-fucosylation on CD44 and inactivates Wnt/*β*-catenin signaling pathway. (**a, e**) Western/lectin blot analysis of effect of miR-200c on *α*1,3-fucosylation and LeY biosynthesis in RL95-2 (**a**) and Ishikawa (**e**) cells. CBB: coomassie brilliant blue. LTL: Lotus tetragonolobus lectin. (**b, f**) Immunoprecipitation and western blot analysis of *α* 1,3-fucosylation and LeY on CD44 in RL95-2 (**b**) and Ishikawa (**f**) cells. Immunoprecipitation (IP): anti-CD44 antibody pulled down protein. Immune blot (IB): detection of *α* 1,3-fucosylation by LTL lectin and anti-LeY antibody. (**c, g**) Western blot analysis of CD44, LTL and LeY blocking on activation of p-GSK3*β*, GSK3*β* and *β*-catenin in RL95-2 (**c**) and Ishikawa (**g**) cells. (**d, h**) Western blot and statistical analysis of p-GSK3*β*, GSK3*β* and *β*-catenin in RL95-2 (**d**) and Ishikawa (**h**) cells. DKK: inhibitor of Wnt/*β*-catenin signal pathway. \**P\<*0.05, ^\*\*^*P\<*0.01, ^\*\*\*^*P\<*0.001](cdd2017136f4){#fig4}

![miR-200c inhibits proliferation and receptivity of uterine epithelial cells by targeting FUT4. (**a, b, d, e**) CCK-8 (**a**, **d**) and colony formation assay (**b**, **e**) were used to evaluate cell proliferation abilities of RL95-2 and Ishikawa cells. The statistical analysis was shown. (**c, f**) Adhesion percent of embryonic cells (JAR) to RL95-2 (**c**) and Ishikawa (**f**) cells. The statistical analysis was shown. \**P\<*0.05, ^\*\*^*P\<*0.01, ^\*\*\*^*P\<*0.001](cdd2017136f5){#fig5}

![miR-200c inhibits uterine receptivity formation and embryo implantation potential *in vivo*. Mouse uterus was injected with normal saline (NS) or miR-200c mimics on day 3 of pregnancy. (**a**) Number of implanted embryos in the uterus on day 9 pregnancy. The statistical analysis was shown. (**b**, **c**) Real-time PCR analysis of miR-200c (**b**) and FUT4 (**c**) in the uterine endometrium on day 4 of pregnancy. (**d**) Representative SEM images in the uterine endometrium after NS or miR-200c mimic injection on day 4 of pregnancy. (**g**) Fluorescent *in situ* hybridization (FISH) of miR-200c in the uterine endometrium on day 4 of pregnancy. (**e, j**) Western blot (**e**) and immunohistochemistry (**j**) analysis of PCNA and Wnt/*β*-catenin signaling pathway in the uterine endometrium of pregnancy mouse. (**f, h, i**) Lectin blot (**f**) and immunofluorescenct staining (**h**, **i**) detection of *α*1,3-fucosylation (LTL), LeY and FUT4 in the uterine endometrium of pregnancy mouse. LE: luminal epithelium. The statistical analysis was shown. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001](cdd2017136f6){#fig6}
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